The rapid rise in DNA sequencing has led to an expansion in the number of glycoside hydrolase (GH) families. The GH43 family currently contains ␣-L-arabinofuranosidase, ␤-D-xylosidase, ␣-L-arabinanase, and ␤-D-galactosidase enzymes for the debranching and degradation of hemicellulose and pectin polymers. Many studies have revealed finer details about members of GH43 that necessitate the division of GH43 into subfamilies, as was done previously for the GH5 and GH13 families. The work presented here is a robust subfamily classification that assigns over 91% of all complete GH43 domains into 37 subfamilies that correlate with conserved sequence residues and results of biochemical assays and structural studies. Furthermore, cooccurrence analysis of these subfamilies and other functional modules revealed strong associations between some GH43 subfamilies and CBM6 and CBM13 domains. Cooccurrence analysis also revealed the presence of proteins containing up to three GH43 domains and belonging to different subfamilies, suggesting significant functional differences for each subfamily. Overall, the subfamily analysis suggests that the GH43 enzymes probably display a hitherto underestimated variety of subtle specificity features that are not apparent when the enzymes are assayed with simple synthetic substrates, such as pNP-glycosides.
C
arbohydrates serve a range of functional purposes in biological systems, including energy storage, signal transduction, and intracellular trafficking, among others (1) . Importantly, carbohydrates are the main end product of plant primary production, representing a large of majority of carbon fixation by plants (2) . As a photosynthetically renewable form of fixed carbon, plant biomass represents a prime target for the replacement of petroleumderived fuels for future sustainability efforts. The enzymatic degradation and modification of carbohydrates have thus been cast to the forefront of biofuel production research (3) .
As functional efforts to discover plant cell wall polysaccharide (PCWP)-degrading enzymes identify novel activities and mechanisms (4, 5) , it is important to derive and maintain a concise classification system for these enzymes. A sequence-based classification of carbohydrate-active enzymes (CAZymes) began in 1991 (6) , with the classification of 35 families of glycoside hydrolases (GHs). Today the CAZy database (7) comprises 5 separate enzyme classes, namely, the aforementioned GHs, glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), and auxiliary activities (AAs), as well as associated carbohydrate binding modules (CBMs) , that together correspond to over 530,000 individual sequences (at the time of submission of this article). The largest of these classes are the glycoside hydrolases, currently represented by over 241,000 sequences classified into 133 families based on amino acid sequence similarity.
The rapid advancements in DNA sequencing over the past decade have exponentially increased the number of sequences assigned to each family. Hence, some of the larger and multifunctional GH families, including GH5 (8) , GH13 (9) , and GH30 (10) , as well as PL families (11) , have been divided into subfamilies. The previous studies show a much stronger correlation between subfamily designations and substrate specificity than family-level assignments, allowing for improved accuracy of the prediction of activity for individual proteins during genomic or metagenomic analyses.
At present, the CAZy database reports 4,555 GH43 family members, making GH43 one of the largest GH families. The family is dominated by bacterial sequences (4, 197) , with eukaryotic (312) and archaeal (17) sequences also contained in the group. The functional characteristics of this family have been studied comparatively well, with 146 members that have been characterized biochemically against a natural or synthetic substrate, but this analysis still lags far behind the deposition of new sequences. The major reported activities are ␤-D-xylosidase (EC 3.2.1.37), ␣-Larabinofuranosidase (EC 3.2.1.55), endo-␣-L-arabinanase (EC 3.2.1.99), and 1,3-␤-galactosidase (EC 3.2.1.145) activities. Taken together, this family comprises a range of debranching enzymes for aiding in the degradation of hemicellulose, particularly arabinoxylans, and pectin. The first crystal structure and catalytic residues of a GH43 protein were determined in 2002 by Nurizzo et al. (12) , who reported a 5-bladed ␤-propeller structure. Subsequent studies have shown different binding mechanisms (13) and catalytic residues (14) within the family, suggesting the existence of different clades within the GH43 family.
The GH43 family has emerged as an important family for bio-mass deconstruction efforts, as studies have found it to be expanded in a number of plant cell wall-degrading microorganisms (15) . Additionally, studies of the human gut microbiome have identified GH43 enzymes to be among the most abundant CAZymes present (16, 17) . Such abundance in both cases suggests an important role in accessing a wide range of complex substrates and highlights the need for accurate functional predictions for GH43 enzymes in genomic and metagenomic studies.
Here we present a subfamily classification scheme for the GH43 family, based on phylogenetic analysis and backed, where possible, by functional and structural studies of individual enzymes. The introduction of these subfamilies will allow for more accurate functional annotation of discovered sequences and will guide structure and function analysis toward the characterization of enzymes significantly divergent from those previously studied. It is hoped that such analysis may enable a greater understanding of this abundant GH family.
MATERIALS AND METHODS
All complete GH43 domain sequences were taken from the CAZy database on 25 May 2015 and supplemented with sequences from other sources, including the Joint Genome Institute (JGI), the Broad Institute, the Human Microbiome Project (HMP), and GenBank, resulting in 7,664 sequences. To reduce redundancy and improve the processing time, sequences were clustered at 95% similarity by using CD-Hit (18) , resulting in 4,189 remaining sequences. Multiple-sequence alignment was performed by MUSCLE (19) . In order to generate high-quality and relevant alignments, MAFFT (20) was used to iteratively remove highly dissimilar sequences. Such sequences were defined as those having a gap of Ͼ3 residues or an insertion of Ͼ1 residue that was not also seen in at least 2 other sequences. Following these quality control measures, 3,337 sequences remained. With these sequences, FASTTree (21) was used to generate a phylogenetic tree based on the midpoint root method (Fig. 1) .
Manual separation of subfamilies was decided based on phylogenetic distances in this reduced tree. Subfamilies were required to contain at least 5 sequences found in this reduced tree in order to generate a proper multiple-sequence alignment. Additionally, each family was required to show taxonomic diversity above the class level to ensure that a subfamily was not comprised solely of taxonomically recent gene homologues due to genome sequencing bias for a particular class, order, or family. These criteria resulted in 37 putative subfamilies.
Hidden Markov models (HMMs) were created for each subfamily, as well as for the complete GH43 subfamily, by using HMMer3 (22) . All GH43 sequences were compared to these HMMs by use of HMMer3 to assign a subfamily to each sequence. Each sequence was compared to all other GH43 sequences by using BLASTP (23) , and the top 100 BLAST hits were retained. The top 100 BLAST hits for each sequence were grouped by subfamily, and the sum total bit score for each subfamily was calculated.
Criteria for assignment of a domain into a subfamily were 2-fold: (i) HMM comparison must have provided an E value that was e Ϫ20 lower for the specific subfamily than for any other subfamily HMM, including the HMM generated from all GH43 sequences; and (ii) the subfamily with the highest bit score ratio (resulting from the sum of the top 100 BLAST hits divided by the number of sequences in the subfamily) must have agreed with the HMM designation.
After assignment of all GH43 sequences meeting the above criteria, individual alignments, trees, and HMMs were built for each putative subfamily, using all sequences and excluding the CD-Hit and MAFFT procedures. Subfamilies containing proteins with known structures and catalytic residues were inspected manually to ensure the conservation of catalytic residues. This inspection identified an important distinction within one putative subfamily, resulting in the creation of subfamilies GH43_24, GH43_25, and GH43_37. The HMM and BLAST analysis was repeated with all complete subfamilies to assign subfamily membership to each sequence. The resulting 37 subfamilies collectively contained 7,040 sequences (91.5% of all GH43 domains analyzed), ranging from 10 to 870 sequences each.
In order to assess the functional capabilities of each subfamily, all GH43 proteins that have been characterized biochemically against natural or synthetic substrates were mapped onto subfamily trees (see the supplemental material) displaying either the EC number or the substrate against which these proteins have shown activity. In total, 21 of 37 subfamilies contained at least one characterized member.
Because CAZymes are often very modular proteins, i.e., containing modules corresponding to different families, we searched for other modules frequently found in the proteins of a given GH43 subfamily, producing a matrix of cooccurrence counts. These counts were normalized against the total number of domains in a given subfamily to generate a matrix showing frequencies of cooccurrence (Fig. 2) .
RESULTS AND DISCUSSION
Our classification procedure resulted in the assignment of 4,455 GH43 protein domains to 37 individual subfamilies. Specific information about each subfamily is presented in Table 1 . Here we discuss the activities identified in these subfamilies as well as the main functional modules found appended to GH43 members.
␤-D-Xylosidases (EC 3.2.1.37) and ␣-L-arabinofuranosidases (EC 3.2.1.55). ␤-D-Xylosidases and ␣-L-arabinofuranosidases constitute the majority of characterized GH43 enzymes. To date, all subfamilies that have been characterized and shown to be polyspecific harbor both ␤-D-xylosidase (EC 3.2.1.37) and ␣-Larabinofuranosidase (EC 3.2.1.55) activities. The overlap of these activities within a subfamily, and in some cases within a single protein, is not altogether unsurprising, as the ␣-L-arabinofuranose and ␤-D-xylose conformations are sterically similar near the glycosidic bond (Fig. 3) , and indeed, this cooccurrence has been reported many times previously (24, 25) .
Of particular note is subfamily 36, which has demonstrated activity against disubstituted (1,2-and 1,3-arabinofuranoside) xylopyranose residues (26, 27) . These residues are typically recalcitrant to enzymatic attack, and as such, this subfamily has significant biotechnological interest.
The abundance of characterized enzymes with these activities highlights the reliance of functional screening efforts on easily available synthetic pNP-sugars, in particular pNP-␤-D-xyloside and pNP-␣-L-arabinofuranoside, for identification of activity.
Endo-␣-L-arabinanases (EC 3.2.1.99). Subfamilies GH43_4, GH43_5, and GH43_6 are the only ones showing ␣-L-arabinanase activity. These three closely related but distinct subfamilies are among the most well characterized, with each showing endo-␣-Larabinanase activity. Subfamilies GH43_4 and GH43_5 both have multiple crystal structures available, with subfamily 5 having the first obtained crystal structure for a GH43 enzyme (12) .
␤-1,3-Galactosidases (EC 3.2.1.145). Subfamily GH43_24 is well characterized, with 8 members having been characterized biochemically. This is the only subfamily shown to have ␤-1,3-Dgalactosidase activity. Members of GH43_24 have been characterized and their structures obtained (14) , and these show a shift of the catalytic base residue from Asp38 (in the CjArb43A reference sequence of Nurizzo et al. [12] ) to Glu112 (in the Ct1,3Gal43A reference sequence of Jiang et al. [14] ).
With subfamily GH43_24, the uncharacterized subfamily GH43_37 shares a similar motif at the catalytic base, except that a glycine replaces the glutamic acid residue. The effect of such a shift is unknown, but it may result in a loss of functional activity or a repurposing of this domain for other functions. This potential repurposing of domains has been addressed by Aspeborg et al. (8) and includes inactivated chitinases repurposed as xylanase inhibitors in GH18 (28) and amino acid transporters arising from ancestral ␣-amylases of GH13 (9) . It is also impossible to rule out a change in protein structure that may bring a different residue into the active site to serve as the catalytic base or the requirement of a cofactor for deglycosylation, as seen for ascorbate in the myrosinases of the GH1 family (29) .
Uncharacterized subfamilies. Of the 37 subfamilies defined here, only 19 subfamilies contain at least one protein that has been characterized through biochemical assay. Furthermore, only 10 subfamilies have at least 5 characterized members, which may explain why some subfamilies harboring only EC 3.2.1.37 or EC 3.2.1.55 activity are identified as monospecific. This lack of biochemical characterization stretches throughout the GH43 tree, with some poorly explored regions of the tree being related only distantly to subfamilies with characterized members. The analysis presented here brings these clades into focus as targets for further functional and structural exploration. Functional modules found appended to GH43 domains. To identify CAZy domains frequently found together, we examined the modularity of all proteins containing a GH43 domain, which revealed a number of significant associations between individual GH43 subfamilies and other CAZy modules (Fig. 2) . Such associations have the potential to inform the functions of subfamilies that have no characterized members as well as to inform us about the evolutionary trajectory followed by each subfamily.
(i) CBM6. The most frequently cooccurring module was found to be CBM6, a module with a demonstrated function of binding to amorphous cellulose and ␤-1,4-xylan, with 6.0% of all GH43 domain-containing proteins also harboring a CBM6 domain. This module was found to be associated with 10 different subfamilies but was most striking in subfamilies GH43_15 and GH43_16, with 100% and 64% cooccurrence rates, respectively. These CBM6 modules demonstrated increased catalytic improvement of associated enzymes on nonsoluble substrates (30) . That previous study of CBM6 domains identified four clades of CBM6 family domains. The CBM6 modules found in the present study either are not assigned to any of the four subfamilies defined by Abbott et al. (77 of 237 domains) (30) or belong to subfamily CBM6b (160 domains), a clade with demonstrated xylan-binding capabilities, which matches the activity of characterized members of this subfamily.
(ii) CBM35. CBM35 modules are found in GH43_24 and GH43_25 and are known to bind xylan and manno-oligosaccharides but also bind 1,3-␤-D-galactose (31) . Such binding is expected, as the GH43_24 subfamily is the only one containing a characterized 1,3-␤-D-galactosidase activity.
(iii) CBM13. Subfamily GH43_7 has yet to have a member characterized, but we observed that all GH43_7 proteins also harbor a CBM13 module. A CBM13-containing ␣-L-arabinofuranosidase (AbfB) has been characterized for the soil actinomycete Streptomyces lividans (32) and has demonstrated xylan-binding functionality. This cooccurrence hints toward ␤-D-xylosidase (EC 3.2.1.37) and ␣-L-arabinofuranosidase (EC 3.2.1.55) activities, as seen in the subfamilies above associated with CBM6 xylan-binding domains.
(iv) CBM42. CBM42 modules are seen in 59% of subfamily GH43_20 proteins. Assays of a CBM42-containing ␣-L-arabinofuranosidase (AkAbfB) from Aspergillus kawachii (33) revealed an arabinose-binding capacity for CBM42, which differs from the xylan-binding CBMs found associated with other GH43 subfamilies. This correlation suggests that these proteins recognize the arabinofuranoside component of arabinoxylans rather than the xylan backbone. Such a strategy could avoid competition for limited space of binding to the xylan backbone or may represent an organism's utilization of the arabinose side chains rather than the more abundant xylan backbone. Subfamily GH43_20 contains only bacterial sequences, none of which have been characterized biochemically; additional study would be necessary to further either of these hypotheses.
The cooccurrence of these CBM modules with separate GH43 subfamilies is congruent with the findings of previous studies and supports the notion that the GH43 family is a pectin and arabinoxylan debranching and degradation family.
(v) X19. The three-dimensional structures of several GH43 members show a C-terminal extension, here termed X19, which folds independently of the ␤-propeller but has no apparent function. The systematic C-terminal position of X19 relative to GH43, as well as the absence of any linking peptide or domain between them, suggests that it is a C-terminal cap that may aid in protein stability. This X19 domain is found only in a subset of GH43 subfamilies (GH43_9 through GH43_14 and GH43_36), and its presence originates at a single point in the GH43 subfamily tree. It is possible that this domain is an evolutionary remnant that is unnecessary for catalytic function. An additional note is that out- side the GH43 family, the X19 domain is not seen to occur with any other GH families.
(vi) Proteins containing multiple GH43 modules. In addition to searching for other CAZy modules found with GH43 subfamily domains, we searched for proteins containing multiple GH43 domains from different subfamilies. We identified 297 proteins that contained two GH43 domains and 20 proteins that contained three GH43 domains ( Table 2 ). The most common GH43 domain to be found with another GH43 domain was from subfamily GH43_34, with 156 of 228 total entries (approximately 70%) found with another GH43 domain. Furthermore, the GH43_34 domain was found to be the C-terminal domain in 143 of these entries, which may allude to a functional characteristic. This subfamily is currently uncharacterized, which opens the door for many questions related to both its membership and its position within multimodular proteins. Such a frequent level of cooccurrence may suggest a potential synergistic interaction, an auxiliary role for this subfamily in identifying or binding substrates, or a potential loss of function that would need to be confirmed through functional biochemical analysis of individual protein domains.
(vii) Signal peptides. To identify the cellular locations of GH43-containing proteins, we identified secretion signal peptides found to cooccur with GH43 domains. Across all GH43-containing proteins, 69% also contain a signal peptide directing the translated protein outside the cytoplasm. One exception is subfamily GH43_11, which does not have any of its 600 members cooccurring with a signal peptide. This subfamily is limited to the Ascomycota, and this lack of a signal peptide suggests that this subfamily is involved in intracellular processes, such as the degradation of imported disaccharides or cell wall remodeling. In contrast, proteins containing multiple GH43 domains are found to contain a signal peptide in over 92% of cases, suggesting that they play a role in degradation of extracellular substrates.
Conclusions. The recent interest in biomass-degrading enzymes and gut microbiome studies have led to a rapid expansion in glycoside hydrolase sequences, including those of the GH43 family. This abundance of data allows for a finer-detailed analysis of the family but also exposes limitations arising from the existence of such a large GH family. Functional and structural characteristics assigned to the family are not shared among all members but are partitioned at a level below that of the current GH family designation. The aim of our work was to partition sequences into more homogeneous, finer subgroups in order to improve protein sequence annotation and functional prediction for future postgenomic studies.
We have presented here a subfamily classification system for the GH43 family of enzymes. The robustness of these subfamilies is necessary to ensure their survival with the steady increase in the number of sequences. These subfamilies encompass over 91% of all completely sequenced modules and show both phylogenetic and functional characteristics to support their assignments. Of these 37 subfamilies, just 21 have characterized members, representing four distinct EC numbers (EC 3.2.1.37, EC 3.2.1.55, EC 3.2.1.99, and EC 3.2.1.145), showing that progress in the field of functional characterization has lagged significantly behind sequencing progress. Nonetheless, for subfamilies with multiple characterized members, we see strong agreement within a subfamily toward a particular enzymatic activity.
The expansion of GH43 modules in several plant cell walldegrading organisms, their prevalence in the gut microbiome, and their overall abundance in nature drive interest in this GH family. Continued genomic and metagenomic studies will contribute additional GH43 domains to the existing subfamilies and may result in the formation of new subfamilies. As the GH43 family is expanded and potentially further divided, the subfamily classification will be updated and released to the public on the CAZy website.
Compared to the previous subfamily classification of the GH5 family, we see a similar level of sequence diversity in the GH43 family, but the apparent functional diversity is much lower. This may be due to the overuse of synthetic pNP-monosaccharides as substrates for activity-based screening experiments. The natural substrates of GH43 enzymes are extremely diverse in terms of structure, with structures including pectin side chains, a range of arabinoxylans, and intracellular polysaccharides. It is likely that the diverse subfamilies introduced here reflect the diversity of substrate structures and that the current characterizations of these subfamilies are often distorted through the convenient use of synthetic pNP-sugars. The use of naturally sourced sugars for characterization may allow finer-resolution details of the activity found in each subfamily. Thus, bioinformatic studies not only benefit from experimental science to improve pre- 
